Dolomitic lime-based pastes were prepared in order to study the evolution of the compounds during the slaking process. Thermal studies as well as X-ray diffraction and FT-IR spectroscopy were used to confirm the formed compounds.
conditions

Introduction
Dolomitic lime has been used for mortar preparation. In historical-artistic construction mortars containing dolomitic lime are less abundant than the aerial lime mortars.
Nevertheless, the complexity of the system CaO-MgO-H 2 O-CO 2 [1] and the variety of compounds involved in dolomitic limes pastes justify their scientific interest. Some previous works have discussed the composition of ancient dolomitic lime-based mortars [2] [3] [4] . Different phases such as calcite, magnesite, dolomite, hydromagnesite, brucite, portlandite, periclase and nesquehonite have been pointed out as constituents of the mortars. In previous work by our research group, the controversy about the occurrence of hydromagnesite (Mg 5 (CO 3 ) 4 (OH) 2 ·4H 2 O) (HY) has been highlighted [5] . In the aforementioned paper, it was stated that further studies will be necessary with the aim to clarify the conditions of the occurrence of HY in pastes of dolomitic origin.
This requirement can be applicable to the other compounds, because it is not clear which of them could be formed during the slaking, setting and hardening of dolomitic lime-based pastes. Botha and Strydom [6] reported synthetic preparations of magnesium hydroxy carbonate, and stated the difficulties in choosing experimental conditions. The complexity in knowing the compounds formed prior to developing the experiment lies in the great number of magnesium carbonates with very close chemical composition that can be obtained due to MgO-CO 2 3 ) and dolomite (CaMg(CO 3 ) 2 ) have been described. [1] . The interconversion between some of these compounds strictly depends of the conditions of reaction (temperature, CO 2 concentration, pH, RH) [6, 7] . Furthermore, several unidentified magnesium carbonates have been reported, sometimes with amorphous structures [6] [7] [8] [9] .
This paper also focuses on other important aspects, such as the rate of Mg(OH) 2 formation during the slaking of the burned lime, the influence of a CO 2 atmosphere, and the effect of the amount of water during the paste preparation. The knowledge about these factors is critical to understand the behavior of repair dolomitic lime-based mortars made with these pastes, specially the mechanical behavior.
In the present work, a commercial light calcined dolomite (LCD) has been slaked and studied at 20ºC. In order to analyze a totally calcined dolomite, the LCD was also burned, then slaked and kept under different conditions (atmospheric environment, CO 2 -rich and enclosed environment without CO 2 ). The evolution of lime powder in an atmospheric environment was also studied. In order to characterize the chemical compounds formed in pastes made with these kind of limes, XRD and thermal studies were performed at different processing days. The influence of the different processing conditions and the rate of formation of components have also been discussed, specially the hydration of calcium and magnesium oxides and the carbonation process.
These results will be necessary in a further study about the mechanical behavior of repair dolomitic lime-based mortars.
Experimental work
Lime preparation
A commercial dolomitic lime of the class DL 85 according to European normative [10] was used, and it has been supplied by Dolomitas del Norte (Santullán, Cantabria). Table 1 gives its chemical characterization (according to European Standard) [11] and Figure   1 (at day 0) shows its X-ray diffractogram. As the results show, this is a light calcined dolomite (LCD) on account of the content of dolomite and calcite. In order to achieve a dolomitic quicklime, this LCD was burned at 850ºC for 72 hours. After this calcination the lime was sieved through a 0.5 mm sieve, and then burned again for 12 hours more at 850ºC. The result of this calcination was a dolomitic quicklime (DQ) made up of CaO and MgO as the main components ( Arbitrary counts
Lime processing
Slaking process of the LCD
A metallic tray of 45x30x8 cm was used for slaking 2 kg of the light calcined dolomite.
This slaking was conducted in an atmospheric environment at 20ºC and with discontinuous stirring. The initial addition of 3.5 L of water, at ~20ºC, was added to obtain a lime putty. (Fig. 3 ).
Slaking process of the DQ -Atmospheric environment
A glass reactor with a capacity of 2 L has been used to slake the DQ. 300 g of this dolomitic quicklime was hydrated with the initial addition of 600 mL of water at ~20ºC until a slaked dolomitic lime putty was produced. During the slaking process the lime putty was stirred three times a day for 1 minute.
-Enclosed environment without CO 2 A mass of 300 g of DQ were hydrated in a closed glass reactor of 2 L (in order to avoid the contact between the lime and the atmospheric CO 2 ), with the initial addition of 725 mL of water at ~20ºC until a putty was obtained. The bulk of the lime putty was continuously stirred with a Heidolph Stirrer RZR 2021 at a speed of  350 rpm.
-CO 2 -rich environment An initial volume of 750 mL of water at ~20ºC was added to 300 g of DQ to obtain a lime putty. This process was conducted in a glass reactor of 2 L, with continuous stirring (Heidolph Stierrer RZR 2021 at 350 rpm of speed) and a continuous CO 2 flow
Evolution in atmospheric environment of the DQ powder
The DQ powder was exposed in a metallic tray of 16x11x4 cm to the atmospheric environment with discontinuous stirring.
Analytical methodology
Mineralogical analysis
During the different processes, lime putties and DQ powder were studied in order to determine the mineralogical components contained in the samples and the occurrence of new phases at different times. These analyses were carried out by means of X-ray diffraction (XRD) using a Bruker D8 Advance diffractometer (Karlsruhe, Germany), according to the diffraction powder method, with a CuK1 radiation and 0.05º 2 increments at a rate of 0.1 s·step -1 , scanned from 10º to 80º 2. The results were compared with the ICDD database.
Thermal analysis
Differential thermal and thermogravimetric analysis (DTA-TG) were conducted at different processing times using a simultaneous TGA-sDTA 851 Mettler Toledo thermoanalyser (Schwerzenbach, Switzerland) with alumina crucibles, fitted with holed lids, at a 20ºC min -1 heating rate, under static air atmosphere, from ambient temperature to 1200ºC. These techniques were used to quantify some compounds such us Mg(OH) 2 and Ca(OH) 2 , through their dehydrations at 400ºC and 480ºC [12] , or CaCO 3 and CaMg(CO 3 ) 2 , through their decarbonations between 600-900ºC [13] . Also thermal studies help to identify other compounds such us nesquehonite, hydromagnesite or magnesite, as later discussed.
Infrared spectroscopy
Powdered samples were analyzed by FT-IR spectroscopy, using KBr pellets. The analysis was performed with a Nicolet-FTIR Avatar 360, with OMNIC E.S.P. software.
The resolution was 2 cm -1 and the spectra were the result of averaging 100 scans. All measurements were carried out at 20  1ºC and ca. 40% RH.
Particle size distribution
The particle diameters of the DQ and LCD and their distribution were determinate by a Malvern Particle Analyzer Mastersizer S using isopropanol as carried liquid.
Results and discussion
Evolution of the LCD slaking
As mentioned, the LCD contains calcium and magnesium oxides (CaO and MgO) as the main compounds ( Fig. 1 , at day 0). Also, traces of calcite (C), dolomite (D) and portlandite (CH) were observed. A slight calcination process due to the low temperature achieved and to the short residence time in the kiln) explains the occurrences of C and D, because inside of the raw calcareous rock adequate temperature could not be reached for complete carbonation. However, the small amount of CH probably is formed due to a reaction with atmospheric moisture.
The slaking process has been carried out with the aim to study the rate of MgO and CaO hydrations and the new compounds formed. As the XRD results show (Fig. 1) , 24 hours after the 1 st water addition, all the CaO was converted into CH. This is in agreement with previous work, it clearly indicates the high rate of CaO hydration [14] .
However, the MgO hydration appears to be a slower process. In the literature it has been stated that a high temperature of dolomite decomposition inhibits the Mg(OH) 2 formation [15] . Also the specific surface area (related to the time and temperature of calcination), the particle size and the stirring speed have been highlighted as factors affecting the MgO reactivity [16] .
In the present work, the LCD used possessed a relatively small particle size (Fig. 4 shows the particle size distribution of the LCD powder, having a trimodal distribution with maxima values at 60 m (highest percentage), 2 m and 0.25 m) and it has been produced from a calcination temperature below 950ºC. Therefore, if no sintering occurred during calcination MgO would be chemically active. (Fig. 2 , at day 0). Fig. 2 shows the XRD results at different test days. During LCD slaking, 24 hours after the first water addition, CH appears. Mg(OH) 2 can be detected since day 1 in appreciable amounts, and at day 9 no MgO was formed. Therefore, the rate of MgO hydration turns out to be faster in DQ than in LCD, and total MgO slaking is observed.
Evolution of the DQ slaking
Atmospheric environment
These differences in the rate of reaction and MgO reactivity can be explained taking into account: the smaller DQ particle size (higher specific surface) that increases its reactivity and accelerates the hydration. A certain degree of carbonation is proved by the C diffraction peaks. Through thermogravimetric results, an increase in CaCO 3 is observed (Fig. 7) . Dolomite phases have not been observed by XRD or TG-DTA analyses in DQ.
These facts are in contradiction with the smaller particle size of oxides in DQ, because they would give hydroxides with smaller particle size, which are more reactive.
Carbonation occurs via a solubility difference between the hydroxides and carbonates.
Nevertheless, the occurrence of C and D in LCD becomes the carbonation favorable providing nucleating sites [17] [18] , and this fact prevails over the particle size, as is demonstrated by: the slow increment of calcite diffraction peaks in DQ through the test LCD a slight D increase is observed due to the facilitated crystal growing. 
Enclosed environment without CO 2
In this procedure, no differences have been observed by XRD in connection with the CH hydration rate: 24 hours after the water addition all CaO is transformed into CH (Fig.8) . Stirring clearly had an influence on the MgO hydration. Compared to LCD and DQ kept under atmospheric conditions and with discontinuous stirring, the MgO now reacts with water transforms into Mg(OH) 2 at a high rate: Fig. 8 shows the occurrence of significant amounts of Mg(OH) 2 through its diffraction peaks24 hours after water addition.
Practically all the MgO disappears after 24 hours of reaction: only traces can be detected by XRD until day 2. This high rate of MgO hydration is attributed to the continuous stirring. However, as expected, this C amount practically does not increase during the processing days due to the absence of CO 2 .
Any magnesium carbonate has not been detected by XRD or TG-DTA analyses.
CO 2 -rich environment
XRD analysis of the paste after 3 hours of processing reveals the occurrence of CH and This is a non-equilibrium system because the CO 2 -flow leads to a high CO 2 concentration, and the system evolves in a few hours giving, after 1 processing day, a paste with different composition (Fig. 10) At 2 processing days, the paste reaches equilibrium, the amount of nesquehonite increases and brucite disappears.
The DTA curve in Fig. 11 shows a thermal behavior that could be related with the occurrence of a basic magnesium carbonate [7, 13, 19] . It shows, for an example, TG-DTA curves from the sample after 19 processing days. The endothermic doublet between 100-200ºC corresponds to the loss of two molecules of water of crystallization, apart from the excess moisture. Between 250-320ºC, the remaining molecule of water was eliminated, as can be seen from the endothermic peak (DTA curve) and the weight loss (TG curve) [8, 13, 20] . Thermal decomposition proceeds via decarbonation at  440ºC. A sharp exothermic phenomenon can be clearly distinguished at 500ºC (DTA curve). An identical exothermic peak has been observed for the thermal decomposition of hydromagnesite in previous work by our research group [5] . A pronounced weight loss is associated with the exothermic peak, as the DTG curve shows. At 550ºC, an endothermic decarbonation of MgCO 3 takes place, and finally at 900ºC calcite losses the CO 2 and transforms to CaO [20] . A further paper focuses on the thermal decomposition of nesquehonite. The occurrence of nesquehonite as the result of Mg(OH) 2 carbonation deserves a careful discussion. No magnesite is obtained, as was stated in previous work [13, 21] , so the behavior of CH and Mg(OH) 2 during the carbonation is different.
In the present paper, nesquehonite was obtained during carbonation in CO 2 atmosphere of Mg(OH) 2 . This results shows agreement with previous work, which also found nesquehonite during carbonation at ambient temperature (20ºC) [6, 7, 13, 21] . Actually, nesquehonite is the stable hydrate below 52ºC and hydromagnesite is stable above this temperature.
It is necessary to explain why Mg(OH) 2 carbonates giving nesquehonite instead of magnesite. When the CO 2 pressure (P CO2 ) increases, the transformation of brucite into magnesite corresponds to the stable equilibrium state, as is shown in the thermodynamic model for the system MgO-CO 2 also hydromagnesite and dolomite) may be kinetically inhibited, which explains the nesquehonite formation [1] . Fig. 11 . TG, DTG and DTA curves of DQ slaking (CO 2-rich environment) at 19 days.
Evolution in atmospheric environment of the DQ powder
The analysis at different test days by XRD shows a gradual CaO slaking due to its reaction with atmospheric moisture (Fig. 12) . The amount of CH increases until a maximum after 10 days. Brucite was not found by XRD. However, from DTG curves, a slight weight loss at 380ºC can be observed, which can be attributed to the Mg(OH) 2 formation during 27 test days. DQ powder carbonates forming different compounds that in pastes with excess of water.
At 20 test days, traces of vaterite (thermodynamically unstable calcium carbonate) can be detected by XRD (Fig. 12) . an exothermic peak at 460ºC [22, 23] . Nevertheless, in the DTA curve this exothermic phenomenon can not be checked due to the CH occurrence (with an exothermic dehydration at 480ºC, which hides the vaterite transformation). FT-IR analysis confirms the vaterite occurrence through the presence of its most intense absorption bands at around 745, 850 and 875 cm -1 (Fig. 13) [23, 24] .
Calcite is detected by XRD after 24 test days. The amount of calcite increases quickly in the next days. As a consequence the amount of CH decreases. TG analysis allows one to detect smaller CaCO 3 amounts than with XRD, in fact noncrystalline forms can be detected by TG. These results show the CaCO 3 occurs since the first test day (Fig. 14) . With XRD this CaCO 3 could not be identified due to the small amount and its low degree of crystallinity, as discussed below. As mentioned already, the carbonation of CH requires to the CO 2 dissolution [17] , so a certain degree of moisture is necessary in order to dissolve the atmospheric CO 2 . This fact justifies the slow carbonation at the beginning of the DQ powder exposure.
At these early times, the first phase detected (by TG-DTA) is amorphous calcium carbonate. This is in agreement with previous reports that the Mg incorporation within amorphous calcium carbonate significantly retards transformation to crystalline phases [25] .
Later the formation of the metastable polymorph (vaterite) is consistent with "the stage rule of Ostwald" [26] . The fact that vaterite forms demonstrates that the formation of vaterite is kinetically favorable under the present experimental conditions. Four test days later calcite appears, and it may be possible that the more soluble vaterite crystals dissolve while the less soluble calcite crystals nucleate and grow [27] . The amount of vaterite remains almost constant, whereas the amount of calcite quickly increases. This can be explained taking into account that:
i) the syntaxial growth of calcite crystals, which improves the formation rate [17] [18] ;
ii) the rate of vaterite transformation controls the calcite crystallization, while the CH carbonation to give vaterite would proceed at a higher rate that keeps constant the amount of vaterite. This is consistent with the initial occurrence of vaterite, and with the solutionmediated mechanism that takes place in order to transform vaterite into calcite.
The dissolution of vaterite controls this transformation, because it is a very slow process compared with the crystallization of calcite. Therefore, the rate of transformation equals that of dissolution [26, 27] .
On the other hand, DTA curves show an exothermic effect at around 325ºC (Fig. 15) that can be associated with the reaction (Eq. 1) [12] .
The reactivity of the calcium oxide determines the extent to which this reaction proceeds. Although magnesite is not checked in DQ powder, a certain degree of MgO carbonation could be expected or a solid-gas reaction (system CaO-MgO-CO 2 ) could take place, as suggested by Borchardt and Thompson [28] .
Several facts support the occurrence of this exothermic peak:
i) in the present work, the peak in DTA curve disappears when the amount of CaO decreases (between 20-24 test days);
ii) the peak shows a great similarity with the results of a previous work [12] as a function of the calcination temperature of the lime;
iii) Fig. 16 shows TG-DTA analysis performed in a CO 2 atmosphere (100 mL·min -1 ) As expected, in a CO 2 -atmosphere the peak turns out to be sharper. The endothermic peak related to the CH dehydration is masked by its exothermic carbonation [12] ; the DTG curve reveals a slight weight increase (a rising peak) that could be caused by the included CO 2 
Conclusions
It has been proved that CaO hydrates at high rate in the presence of water. As expected,
MgO shows a slower rate of hydration, which is strongly influenced by the particle size distribution and by stirring. Total MgO slaking was achieved with a continuous stirring.
About the carbonation, CO 2 must be dissolved in water. This is a necessary and limiting process: CH carbonates in pastes with an excess of water, forming calcite. Thermal studies (TG-DTA) have proved very useful in order to establish the hydration and carbonation reactions in dolomitic lime-based pastes.
